INTRODUCTION
Every year, millions of songbirds lose a substantial portion of their night-time sleep when they embark on their predominantly nocturnal journeys. Although the performance degrading effects of sleep deprivation are well documented in mammals (Everson 1995; Durmer & Dinges 2005) , avian migrants successfully navigate the complex challenges of migration presumably with only a fraction of their 'normal' sleep. How such resilience to sleep loss comes about remains a mystery. Although birds may be relatively resilient to the detrimental effects of sleep loss (Berger & Phillips 1994) more recent research suggests that they respond to short-term sleep loss with changes in brain activity similar to mammals ( Jones et al. 2008; Martinez-Gonzalez et al. 2008) . To date, the only study of sleep in migratory songbirds suggests that sleep deprivation is tolerated during the migratory season only (Rattenborg et al. 2004) . One possible explanation for the apparent resilience of migrants to sleep loss may be found in behavioural adaptations occurring during the migratory season. Such behaviour is difficult to observe in the field yet it would create opportunities to compensate for curtailed night-time sleep during the day (Schwilch et al. 2002; Rattenborg et al. 2004; Fuchs et al. 2006) . For instance, in the migratory Swainson's thrush (Catharus ustulatus), 'daytime rest' is composed of frequent, short 'micro-naps', i.e. episodes of bilateral and unilateral eye closure, that typically last only several seconds and occur during longer periods of 'drowsiness', an intermediate sleep-like state. In captive Swainson's thrushes the frequency of daytime sleep-like behaviour is dramatically increased during the migratory season (Fuchs et al. 2006) . Unilateral eye closure is a behavioural indicator of unihemispheric sleep, an ability to selectively sleep with one brain hemisphere, while the other hemisphere remains essentially awake. A near complete decussation of the optic chiasma combined with reduced interconnectivity between the avian brain hemispheres may allow birds to monitor their environment with one eye while 'resting' the brain hemisphere connected to the other eye (for review see Rattenborg et al. 2000) .
However, the behavioural indicators of sleep alone are not a demonstration that the brain is in a physiological state of sleep. The present study investigates brain activity during sleep-like daytime behaviour in captive, migratory Swainson's thrushes and investigates if the behaviourally observed episodes of unilateral eye closure are also accompanied by hemispheric differences in brain activity.
Much of the electroencephalogram (EEG) analysis of mammalian sleep follows from the assumption that the intensity of D-activity (average EEG slow-wave activity typically in the 1-4 Hz frequency range, assessed as 'power' in the 'D-band' by power spectrum analysis) accurately reflects sleep quality (i.e. depth of sleep). Consequently, spectral power in the D-band was employed as a measure of sleep quality in the present study (also see the electronic supplemental material).
MATERIAL AND METHODS
Seven Swainson's thrushes were bilaterally implanted with stainless steel electrodes over the hyperpallium accessorium and the orbital bones to monitor EEG and eye movements (electrooculogram). The presented data are based on daytime EEG and video recordings during the migratory season and night-time recordings in the same birds when non-migratory (see methods in the electronic supplementary material). All procedures were in accordance with BGSU animal care and use regulations.
Video recordings were manually scored for behaviour (daytime sleep, unilateral eye closure, drowsiness, alert wakefulness, nighttime sleep) and the corresponding sections of the time stamped EEG were subjected to power spectrum analysis. Average EEG power was computed for frequency values between 1.4 and 4 Hz (D-power; see methods in the electronic supplementary material).
D-power values for sleep-like behaviour were then standardized and expressed as a percentage of D-power during alert wakefulness before they were subjected to statistical analysis. A total of 558 episodes were analysed in this fashion (drowsiness, 192; daytime sleep, 169; unilateral eye closure, 197) . The data were then subjected to paired t-tests, Wilcoxon signed-rank tests or repeated measures analysis of variance (ANOVA). If significant main effects were found with ANOVAs, paired t-tests were used for follow-up comparisons (see methods in the electronic supplementary material).
RESULTS
Visual inspection and spectral analysis of EEG records from the analysed episodes of behavioural daytime sleep (duration 13.9G1 s, XGs.e.m.), unilateral eye closure (duration 10.9G0.5 s) and drowsiness revealed that all three types of daytime, sleep-like behaviour are accompanied by reliable changes in brain activity (figure 1). A comparison of average D-power (1.4-4 Hz) showed statistically significant differences between alert wakefulness and all three types of daytime sleep-like behaviour (Wilcoxon: drowsiness, ZZK2.37, p!0.05; daytime sleep, ZZK2.37, p!0.05; unilateral eye closure, ZZK2.37, p!0.05). Daytime sleep, unilateral eye closure and drowsiness also differed significantly from each other (F 1.08/6.53 Z8.87, p!0.05). Follow-up comparisons revealed significant differences between daytime sleep and drowsiness (Paired t-test: t 6 ZK3.12, p!0.05), unilateral eye closure and drowsiness (Paired t-test: t 6 ZK3.76, p!0.05) and unilateral eye closure and daytime sleep (Paired t-test: t 6 Z2.45, p!0.05; figure 2a).
(a) Daytime sleep To investigate whether slow-wave activity during daytime sleep approaches the levels of night-time sleep, the average D-power during daytime sleep in migratory active birds was compared with an early (2 hours) and a late (10 hours) sample of nocturnal 
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slow-wave sleep in the same birds when nonmigratory. While daytime sleep was characterized by higher average D-power than late night-time sleep, it did not exceed the levels of early night-time sleep (figure 2b). Within subjects repeated measures analysis yielded a significant main effect for D-power (F 2/10 Z9.16, p!0.05). However, follow-up comparisons showed that only early and late night-time sleep differed significantly from each other (Paired t-test: t 5 Z5.278, p!0.05). In four out of the six animals, daytime sleep D-power surpassed the levels of late night-time sleep, yet in no animal did D-activity during daytime exceed the activity of early night-time sleep (figure 2b).
Similar to mammals, nocturnal slow-wave sleep in birds alternates with episodes of rapid eye movement (REM) sleep (Rattenborg & Amlaner 2002 ). We did not detect episodes of daytime REM sleep in our experimental animals.
(b) Unihemispheric sleep
The visual inspection of EEG recordings during episodes of unilateral eye closure provided evidence of EEG asymmetries indicative of unihemispheric sleep ( figure 1b,c) . Even with hemispheric EEG differences present, brain activity in the hemisphere contralateral to the open eye typically resembled an EEG of drowsiness rather than an EEG of alert wakefulness.
When D-power during unilateral eye closure and daytime sleep was compared within the same animal and brain hemisphere, the brain hemisphere receiving input from the open eye showed significantly lower D-power than the same hemisphere during daytime sleep (Paired t-test: t 6 Z3.25, p!0.05; figure 2c) . By contrast, D-power in the brain hemisphere receiving input from the closed eye was not significantly different from D-power during daytime sleep (Paired t-test: t 6 Z1.48, pO0.05). Interestingly, when unilateral eye closure was compared with drowsiness the opposite pattern was observed. The brain hemisphere receiving input from the closed eye now showed significantly higher D-power than during drowsiness (Paired t-test: t 6 Z3.89, p!0.05), while brain activity in the hemisphere corresponding to the open eye was no different from what occurred during bilateral drowsiness (Paired t-test: t 6 Z1.46, pO0.05; figure 2c ).
DISCUSSION
Daytime sleep-like behaviour in captive Swainson's thrushes is observed almost exclusively during the migratory season (Fuchs et al. 2006) . The electrophysiological evidence reported here supports the conclusion that even short eye closures during the day are true sleep episodes, which not only behaviourally but also physiologically resemble night-time sleep and probably provide migrants with recuperative opportunities to compensate for nocturnal sleep loss. Slow-wave activity during bihemispheric daytime micro-naps approaches the levels of night-time sleep, although it does not reach the peak levels observed during the early portion of the night.
The observed decline in D-power from the early to the late-night sleep samples suggests that avian and mammalian slow-wave sleep are similarly regulated (e.g. Szymczak et al. 1996; Rattenborg et al. 2004; Jones et al. 2008; Low et al. 2008; Martinez-Gonzalez et al. 2008) lending additional support to the hypothesis that D-power and sleep quality are correlated in birds (see methods in the electronic supplementary material).
Unilateral eye closure is accompanied by slowwave activity similar to daytime sleep in the hemisphere corresponding to the closed eye and an EEG similar to drowsiness in the hemisphere receiving input from the open eye, indicating that unilateral eye closure in Swainson's thrushes is accompanied by a physiological state similar to mammalian unihemispheric sleep (Rattenborg et al. 2000) . If the intensity of slowwave activity accurately reflects sleep quality in birds, it appears that daytime sleep, per unit of time, is the most Daytime micro-naps in a nocturnal migrant T. Fuchs et al. 79 beneficial form of daytime rest, followed by unilateral eye closure and daytime drowsiness (figure 2a).
Behavioural observations revealed that, in the migratory season, captive Swainson's thrushes spend substantially more time of the day in a state of drowsiness than daytime sleep or unilateral eye closure ( Fuchs et al. 2006) . drowsiness combines behavioural signs of wakefulness (open or partially closed eyes) with physiological characteristics of sleep and may therefore allow an animal to monitor its environment while benefiting from sleep-like brain activity. Despite this advantage Swainson's thrushes close their eyes (one or both) during daytime. At least during episodes of unilateral eye closure a bird's ability to respond to visual stimuli is probably not entirely compromised. Unihemispherically sleeping mallard ducks respond quickly to threatening stimuli presented to the open eye (Rattenborg et al. 1999) indicating that predator detection is an important feature of this state.
Sleep-like behaviour associated with eye closure corresponds to increased slow-wave activity, indicating that visual activation may constrain the sleep-like benefits of resting behaviours associated with open eyes (Kavanau 2001) . Daytime rest in migrants could be viewed as a compromise among the costs, risks and benefits associated with sleep-like behaviour (Lima et al. 2005) . Episodes of daytime sleep and even unilateral eye closure may render a migrant less vigilant to approaching predators. However, short bior unihemispheric micro-naps nested within longer episodes of drowsiness would make it difficult for predators to approach unnoticed while granting a bird the additional benefits of uni-or bilateral eye closure. The behaviour reported here was observed in captivity and it remains to be determined whether Swainson's thrushes display the same behaviour in the wild. However, a series of field observations in other migratory species (Schwilch et al. 2002) supports our hypothesis that migrants in the wild may compensate for sleep loss with daytime naps.
As long as the precise functions of sleep or slowwave activity in birds and mammals remain unexplained, the full range of benefits associated with unilateral eye closure, daytime sleep and drowsiness will necessarily remain speculative. However, given the electrophysiological resemblance to nocturnal slowwave sleep and a substantial increase in the frequency and duration of sleep-like daytime behaviour during the migratory season, daytime naps provide a plausible explanation for the apparent resilience of avian migrants to the detrimental effects of sleep loss.
